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Cystic ¢brosis transport regulator is a cAMP-dependent
chloride channel protein. Normal (non cystic ¢brosis)
human epidermis stained positive for cystic ¢brosis
transport regulator as densely as did the eccrine sweat
gland when three monoclonal antibodies for R (regula-
tory) and C (C-terminus) domains of cystic ¢brosis
transport regulator were used. All the layers of the epi-
dermis took up staining uniformly. A peptide for
C-epitope completely blocked the staining with mono-
clonal antibodies for C. Nested reverse transcription
polymerase chain reaction of freshly isolated human
epidermal fragments and the eccrine sweat glands
ampli¢ed the cystic ¢brosis transport regulator mRNA
sequence derived from exons 13 and 14 to comparable
extents. The 526 base pair antisense, but not sense,
RNA probe derived from exons 1013 stained cystic
¢brosis transport regulator mRNA in both the epider-
mis and the sweat gland to a similar extent. In the
epidermis, the cytoplasm of basal cells, stratum spino-
sum cells, and granular layer cells were all stained uni-
formly, but not corneocytes in the stratum corneum. In
the sweat secretory coils, both clear and dark cells were
stained but not the myoepithelium, with the dark cells
staining more densely than the clear cells as in a pre-
vious study. In the duct, both luminal and basal ductal
cells took up cystic ¢brosis transport regulator staining
uniformly but luminal cytoplasm of luminal ductal
cells was devoid of cystic ¢brosis transport regulator
mRNA. Although the function of cystic ¢brosis trans-
port regulator in the epidermis is totally unknown, its
recently proposed role as a universal regulator of a vari-
ety of cellular and membrane functions necessitates
further studies on its regulation and function in health
and disease. Key words: cystic ¢brosis/cystic ¢brosis transport
regulator/epidermis/in situ hybridization/immunohistochemis-
try/sweat gland. J Invest Dermatol 119:1224 ^1230, 2002
T
he protein encoded by cystic ¢brosis (CF) gene (CF
transport regulator or CFTR) (Riordan et al, 1989;
Rommens et al, 1989) is a cAMP-dependent Cl^
channel protein involved in secretion and absorption
of Cl^ ions in a variety of transporting epithelia
(Drumm et al, 1991; Collins, 1992; Denning et al, 1992;Welsh and
Smith, 1993). As the inability of CF sweat ducts to absorb NaCl
from primary sweat is one of the hallmarks of CF defects, the
identi¢cation of immunoreactive CFTR protein in normal
(non-CF) human eccrine sweat ducts (Cohn et al, 1991; Crawford
et al, 1991; Kartner et al, 1992) is consistent with the expected role
of CFTR in sweat ductal Cl^ absorption.
We recently reported (Sato and Sato, 2000) that immunoreac-
tive CFTR protein and its mRNA are equally expressed in both
the sweat duct and secretory coil. The observation was somewhat
of a puzzle because physiologic sweat secretion is mediated pri-
marily by cholinergic, calcium-dependent, but not CFTR-
mediated, Cl^ transport, which is not defective in CF patients
(Sato and Sato, 1984; Sato et al, 1993). More puzzling was the ob-
servation that the dark cells of the secretory coil appeared to show
more abundant CFTR immunoreactivity and mRNA than did
the clear cells (Sato and Sato, 2000). Because there is no evidence
that the dark cells are involved in ion transport for sweat
secretion (Sato et al, 1993), it is important to con¢rm such an
observation.
During the course of the study, we were also puzzled by the
preliminary observation that the epidermis apparently took up
staining for immunoreactive CFTR as densely as did the eccrine
sweat gland. Apparently, the human epidermis is not an organ
whose main function is likely to be secretion or absorption of
Cl^ ions across the epidermis. Is the apparent presence of the
CFTR immunoreactivity in the human epidermis an artifact? If
not, is CFTR mRNA also present in comparable amounts in
both the human epidermis and the sweat gland?
MATERIALS ANDMETHODS
In this study, we used the same three monoclonal antibodies employed in
our previous study (Sato and Sato, 2000) for immunohistochemical stain-
ing of CFTR for the human epidermis and the sweat glands, the latter
used as a control.We also compared reverse transcription polymerase chain
reaction (RT-PCR) ampli¢cation of CFTR mRNA in both the epidermis
and the sweat glands. In addition, we performed conventional in situ hybri-
dization for CFTR mRNA using antiseptic scales. [J. Invest Dermatol. 8^7,
5^3-5^8. SchrŒder, J.M. and Christophers, E. (1^98^9). Secretion of novel
and homologous neutrophil-activating peptides by LpS- stimulated human
endothelial cells. J. Immunol. 1^42, 2^44-2^51. SchrŒder, J.M., Gregory, H.,
Young, J., on (MA).]Most enzymes used for PCR and in situ hybridization
studies were purchased from Gibco BRL (Bethesda, MD) unless otherwise
stated. Digoxigenin-11-UTP, anti-Dig-alkaline phosphatase conjugate and
Genius 3 Nonradioactive Nucleic Acid Detection Kit were purchased from
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Roche-Boehringer Mannheim (Nutley, NJ). All other reagents were pur-
chased from Sigma (St. Louis, MO).
Human subjects and skin specimens Recruitment of human subjects
and procurement of surplus human skin samples from dermatologic
surgery followed the institutional human subject guidelines (University
of Iowa College of Medicine, Iowa City, IA, and Human Gene Therapy
and Cancer Research Institute, Des Moines, IA). Skin specimens used for
the study were either biopsy skin specimens from four male volunteers or
freshly excised surplus perilesional skin specimens obtained from 12
patients aged 26^67 y undergoing cutaneous surgery. Local anesthesia
used for biopsy and cutaneous surgery was 1% lidocaine with 1:100,000
epinephrine. The skin specimens used for isolation of mRNA were
blotted to remove blood, sliced into thin sections, and washed in several
changes of cold (approximately 101C) modi¢ed KrebsRinger
bicarbonate solution containing (in mM) 125 NaCl, 5 KCl, 1.2 MgSO4,
1.0 CaCl2, 25 NaHCO3, 1.2 NaH2PO4 (prepared by mixing 1/10 volume
of each of the 10  stock solutions), 5.5 mM glucose, and 0.05% bovine
serum albumin (BSA), at pH 7.48 and 5% CO2/95% O2. Single sweat
glands were dissected out under a stereomicroscope using sharp forceps in
a dissection chamber kept at 141C (Sato and Sato, 1981; 1984). Ten to 25
sweat glands were isolated from each skin specimen. The epidermal
fragments were separated from the dermis in a similar chamber at the
level of the papillary dermis using micro scissors and a micro knife to
remove as much connective tissue as possible. Cutaneous appendages
(sweat ducts and hair follicles) were avoided during dissection of the
epidermal fragments. Before RNA extraction, the isolated sweat glands
and epidermis were incubated in Ringer’s solution at 371C for 10 min, the
preincubation time routinely used for previous in vitro sweat induction
studies (Sato and Sato, 1981; 1984). As a positive control for PCR
identi¢cation of CFTR mRNA in the sweat gland and the epidermis, T-
84 cells (human colonic carcinoma cell line from ATCC, Rockville, MD)
were cultured in Dulbecco’s modi¢ed Eagle’s medium containing 5% fetal
bovine serum (Gibco BRL) at 371C in a humidi¢ed atmosphere of 5% CO2.
For immunohistochemical studies, the skin specimens obtained from
cutaneous surgery or biopsy were immediately ¢xed in the Penn-Fixs
¢xative (Richard-Allan Scienti¢c, Kalamazoo, MI), according to our
previous study (Sato and Sato, 2000), embedded in para⁄n, and sectioned
in a routine manner. For in situ hybridization studies, biopsied skin
specimens were snap-frozen in liquid nitrogen, stored at ^801C,
embedded in OCT medium (Sakura-Tissue-Tek, Torrance, CA), and
cryosectioned.
Antibodies for CFTR Three monoclonal antibodies (MoAbs) were
used: one MoAb against an epitope in the R (regulatory) domain and
two MoAbs directed against the C-terminus. The MoAb directed against
the R domain (residues 729^736) was purchased from Genzyme
(Cambridge, MA) (hereafter called MoAb-GR). This MoAb was made to
a b-galactosidase fusion protein (Gregory et al, 1990). The mouse MoAb
against the C-terminal epitope (Genzyme) was made to a glutathione S-
transferase fused to amino acid residues 1477^1480 (MoAb-GC). The
second MoAb for the C-terminus epitope (kindly provided by Dr.
Michael Welsh, University of Iowa) (MoAb-WC) was made to residues
1466^1480 fused with keyhole limpet hemocyanin (Gregory et al, 1990)
(see Fig 1 for the approximate locations in the CFTR mRNA and protein).
Immunohistochemistry Para⁄n sections were dewaxed, rehydrated,
rinsed in Tris-bu¡ered saline (TBS), permeabilized with 0.3% Triton for
15 min, and washed in TBS for 5 min.The sections were blocked in TBS-
gelatin blocking bu¡er (0.5% BSA, 5% horse serum, and 1% Sigma ¢sh
gelatin in TBS, pH 7.4) for 2 h at room temperature and incubated in a
1:100 dilution of MoAbs (for all MoAb-GC, MoAb-GR, and MoAb-WC)
at 41C overnight. After washing, sections were incubated with a
biotinylated antimouse Ig at 1:200 for 3 h at room temperature. Washed
sections were then incubated with 1:20 dilution of peroxidase-conjugated
ExtrAvidin from ExtrAvidin-Peroxidase Staining kit (Sigma) for 2 h at
room temperature and the staining was visualized using Sigma FAST. To
examine the speci¢city of immunohistochemistry staining, we used two
negative controls: sections without primary MoAbs (which all yielded
negative staining), and sections incubated with MoAbs and a
corresponding peptide that blocks the epitope in the C-terminus (BSA-
Nle-A-L-K-E-E-T-E-E-E-V-Q-D-T-R-L-OH, kindly provided by Dr.
Michael Welsh). Sections were incubated with primary MoAbs overnight
in a humid chamber with or without the blocking peptide at 0.2 mg per
ml (the ratio determined to be optimal by a dose^response study
conducted in Dr. Welsh’s laboratory, personal communication). Blocking
peptides for R-epitope were not available for this study.
Isolation of RNA and detection of CFTR mRNA by RT-
PCR Immediately after preincubation of 10^25 isolated whole sweat
glands or small epidermal fragments from the same subject, RNA was
extracted by incubating the tissues at 451C for 1 h in a digestion mixture
containing 6 mg per ml proteinase K, 1M guanidium thiocyanate, 25 mM
2-mercaptoethanol, 0.5% n-lauroylsarcosine, and 20 mM TrisHCl, pH
7.5 (Stanta and Schneide, 1991). After extracting nucleic acids by a phenol/
chloroform/isoamyl alcohol (PCI) mixture twice, 0.1 volume 8 m LiCl, 40
mg per 100 ml glycogen, and 0.7 volume chilled isopropanol were added to
the nucleic acid fraction. The tube was placed on dry ice overnight and
centrifuged. The pellets thus obtained were dissolved in 100 ml water and
the RNA was puri¢ed by digesting contaminating chromosomal DNA
with 40 U per tube RNAase-free DNAase and RNAase inhibitor
(Promega, Madison, WI) at 371C for 1 h. Enzymes were removed by
repeating the PCI extraction and the puri¢ed RNA was reconstituted in
water for RT-PCR. mRNA was reverse-transcribed to synthesize the
¢rst-strand cDNAs using the oligo dT or random primers according to
the instructions for the GeneAmp PCR kit (Perkin-Elmer Cetus,
Norwalk, CT). CFTR mRNA was ampli¢ed by PCR between
nucleotides 2409 and 2762 (354 bp segment) using a set of 18-mers for the
primary PCR ampli¢cation (Fig 1). Ampli¢cation was performed on a
programmable thermal cycler (Perkin-Elmer Cetus) with 35 cycles of
denaturation at 951C for 1 min, annealing at 551C for 1 min, and
elongation at 721C for 3 min.The ampli¢cation curve is linear up to 35
cycles (data not shown). Ten microliter aliquots of the reaction mixture
were electrophoresed in a 1.5% agarose gel, and visualized by ethidium
bromide staining. T-84 cells (used as a positive control) were treated in a
similar manner. A preliminary PCR ampli¢cation of the 495 bp 18 S
RNA fragment was ¢rst done with appropriate primers in each reverse-
transcribed cDNA sample (i.e., sweat glands, epidermal fragments, and T-
84 cells). The amount of starting RNA sample placed in each tube for the
primary PCR was normalized in such a way that each tube received
approximately comparable amounts of 18 S RNA. As the ampli¢ed 354
bp CFTR band for the sweat gland was not always visible after the
primary PCR (especially when a small number of sweat glands was
available, Sato and Sato, 2000), a nested PCR was performed for the
primary PCR product using a set of 17-mers between nucleotides 2467
and 2734 with a predicted ampli¢ed fragment of 268 bp. Tubes without
RNA (blank) and with RNA without reverse transcription were
simultaneously run as negative controls to detect artifactual ampli¢cation
and genomic DNA contamination. Any experiments with faulty negative
controls, absence of ampli¢ed 18 S band, or abnormal CFTR ampli¢cation
in the simultaneously run T-84 samples were rejected. The nested PCR
products were sequenced to con¢rm their identity with the corres-
ponding segment of CFTR mRNA.
Primers The 18 S RNA forward primer was 50 -GGACCAGA-
GGCAAAGCATTTGCC-30 and reverse primer 50 -TCAATCTCGGGT-
GGCTGAACGC-30. For the primary CFTR PCR, the forward
primer was 50 -CACGCTTCAGGCACGAAG-30 and reverse primer 50 -
CAAGGTCAGAACATTCACC-30. For the nested PCR for CFTR, the
Figure1. Schematic illustration of CFTR and CFTR mRNA and
the locations of in situhybridization probes, primers for primary and
nested PCR, and the epitopes for MoAbs used. N, N-terminus; C, C-
terminus;TMD, transmembrane domain; NB, nucleotide binding domain;
R, regulatory domain; DF508, the most frequent CF mutation resulting in
deletion of phenylalanine at amino acid 508; single asterisk, location of epi-
tope for MoAb for the R domain (MoAb-GR); double asterisk, MoAbs for
C-terminus (MoAb-GC and MoAb-WC); hyb, hybridization. Arrows indi-
cate the exons encoding di¡erent domains of the CFTR protein.
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forward primer was 50 -GAAGCAGCCACCTCTGC-30 and the nested
primer was 50 -CTAAGCACCAAATTAGCAC-30 (Devuyst et al, 1997).
The primers for CFTRwere designed to include both exons 13 and 14 (to
exclude genomic DNA contamination) and to select the region of the R
domain that is not found in other ABC proteins (Prince et al, 1993; Devuyst
et al, 1997).
In situ hybridization The cDNA segment used for preparation of sense
and antisense RNA probes for in situ hybridization was prepared by PCR
ampli¢cation of the segment between nucleotide 1389 (in exon 10) and
nucleotide 1914 (in exon 13) (Fig 1). The ampli¢ed 526 bp PCR product
was cloned into pCR II TA cloning vector (Invitrogen, Carlsbad, CA).
Puri¢ed plasmid was linearized with appropriate restriction enzymes to
make sense and antisense RNA probes. The Dig-labeled RNA probes
were synthesized by using Maxi-script (Ambion, Austin, TX) according
to the manufacturer’s instruction. Human skin specimens stored at ^801C
were embedded in OCTmedium, cryosectioned 10 mm thick, mounted on
Superfrost Plus glass slides (Fisher Scienti¢c, Atlanta, GA), and ¢xed in 4%
paraformaldehyde in phosphate-bu¡ered saline (PBS; pH 7.4, 1 h at 41C).
The sections were rinsed in 2 sodium citrate/chloride bu¡er (SSC;
300 mM NaCl and 30 mM sodium citrate), treated with proteinase K
(1 mg per ml) in 100 mM Tris, 50 mM ethylenediamine tetraacetic acid
(EDTA), pH 8.0, for 30 min at 301C, rinsed in PBS, and ¢xed in 4%
paraformaldehyde/PBS followed by 5min incubation in 0.1 M glycine/
PBS. The sections were then acetylated with 0.25% acetic anhydride/0.1 M
triethanolamine (vol/vol) for 10 min at room temperature, rinsed with
2 SSC, dehydrated in graded ethanol, and air dried. RNA probes were
denatured at 801C for 3 min immediately before adding to the
hybridization mixture containing 1Denhardt’s solution, 50% deionized
formamide, 0.3 M NaCl, 20 mM Tris, pH 8.0, 5 mM EDTA, 0.5 mg per ml
yeast tRNA, 80 mg per ml denatured salmon sperm DNA, 10 mM sodium
phosphate, 10% dextran sulfate, and 0.1 M dithiothreitol. During
prehybridization, the sections were left uncovered. Hybridization was
performed by adding predenatured (at 701C for 10 min) digoxigenin-
labeled RNA probes to the prehybridization solution containing 0.5^5 ng
per ml probes. The sections were covered with a plastic coverslip, secured
with rubber cement, and incubated for 16^18 h in a humidi¢ed chamber
at 451C. Following hybridization, the plastic slip was removed in
4 SSC. The sections were washed twice in each of the following
solutions: ¢rst in 2 SSC for 20 min at room temperature, then in
2 SSC with 50% formamide at 521C for 20 min, in 0.5 SSC with
50% formamide for 20 min, and in 0.1SSC with 50% formamide for
20 min.Finally, the slides were washed in TBS three times. The
immunologic detection of digoxigenin was performed by ¢rst blocking
the nonspeci¢c binding sites with 5% goat serum1% BSATBS for 30
min at room temperature followed by addition of antidigoxigenin Fab
fragments diluted in the same solution at 1:500 and incubation at 41C
overnight. Chromogen was NBT-BCIP with 1 mM levamisole in a bu¡er
containing 100 mMTrisHCl, pH 9.5, 100 mM NaCl, and 50 mMMgCl2.
RESULTS
Schematic illustration of CFTR mRNA and CFTR
protein Figure 1 shows the schematic illustration for locations
of in situ hybridization probes, primers for primary and nested
PCR, and the epitopes for MoAbs used.
Immunohistochemical staining of CFTR Staining of
CFTR protein is often di⁄cult to reproduce partly due to
erratic epitope exposure (Sato and Sato, 2000) and partly due to
di¡erences in a⁄nity of MoAbs to the epitopes. Nevertheless, in
our hands, the epidermis consistently took up staining
comparable in density to that of the sweat gland (n¼ 3). R-
domain epitope is expressed in the keratinocyte cytoplasm
uniformly throughout the epidermis, i.e., basal cells, stratum
spinosum cells, granular layer cells (Fig 2). In the granular layer
and the lower stratum corneum, CFTR is condensed in the
periphery of the cells near the cell membrane. In the upper
stratum corneum, CFTR immunoreactivity is present but
scattered in a haphazard manner. The CFTR C-terminus was
stained using MoAb-GC in Fig 3 and MoAb-WC in Fig 4.
Again both the epidermis and the sweat glands were stained to a
similar extent (n¼ 3). The cytoplasm of all epidermal cells is
stained throughout the epidermis and the stratum corneum
(Figs 3A, 4A, asterisk). Addition of the blocking peptide
eliminated CFTR staining in Fig 3(C). As in our previous
study, MoAb-WC most clearly stained the sweat gland (Sato and
Sato, 2000) and the epidermis in Fig 4, especially the dark cells
(Fig 4B, small arrows) (n¼ 3). Again, the C-terminus blocking
peptide completely abolished immunostaining in Fig 4(C)
indicating that MoAbs for the C-terminus are epitope-speci¢c.
PCR ampli¢cation of CFTR mRNA It should be noted,
however, that the positive immunostaining for CFTR shown
above only indicates the presence of targeted epitopes, but not
necessarily the presence of the whole CFTR protein. Thus
demonstration of mRNA from di¡erent segments of CFTR
lends additional support for the presence of CFTR in the
epidermis. As CFTR mRNA occurs at a low copy number in
most tissues, epidermal mRNA was ampli¢ed by PCR
concurrently with that of control tissues, i.e., the sweat glands
and T-84 cells. As illustrated in Fig 5, nested RT-PCR of
human epidermal fragments consistently ampli¢ed the 268 bp
segment of CFTR mRNA (con¢rmed by sequence analysis) to
an extent comparable with the sweat glands and T-84 cells when
18 S RNAwas used as reference (Fig 5).
Figure 2. Immunohistochemical staining of the CFTR R domain
(using MoAb-GR) in human epidermis (A) and eccrine sweat
gland (B). In this and subsequent ¢gures: epiderm, epidermis; derm, der-
mis; S, secretory coil; D, duct; asterisk, upper stratum corneum. Large arrow
in (A), granular layer cells and the deeper corneocytes; small arrow in (B),
CFTR staining in sweat duct luminal membrane.
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Figure 3. Immunohistochemical staining of CFTR C-terminus
using MoAb-GC in the epidermis (A) and the sweat gland (B).
(C) Complete inhibition of immunostaining in the presence of the C-ter-
minus blocking peptide. Asterisk in (A), stratum corneum; small arrows in
(B), dark cells. Note staining of CFTR in the perinuclear cytoplasm of ker-
atinocytes throughout the epidermis (A). Also note darker staining of the
dark cells (small arrow in B).
Figure 4. Immunohistochemical staining of CFTR C-terminus
using MoAb-WC in the epidermis (A) and the sweat gland (B).
(C) Complete inhibition of immunostaining in the presence of the block-
ing C-terminus peptide. Note the clear representation of perinuclear loca-
lization of immunostaining in the epidermal cells in (A) and predominant
localization of immunostaining in the dark cells as in the previous study
(Sato and Sato, 2000). Asterisk in (A), positive CFTR immunoreactivity
also in the stratum corneum; large empty arrows in (B), lack of staining in
myoepithelium; small arrows, rich staining in the dark cells.
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Localization of CFTR mRNA by in situ hybridization
Further proof for the presence of CFTR mRNA is provided by
demonstration and localization of mRNA in the epidermis by in
situ hybridization using antisense and sense probes derived from a
segment of CFTR gene di¡erent from that of the PCR primers
(see Fig 1). As shown in the in situ hybridization study (Fig 6A1),
CFTR mRNA is expressed in the cytoplasm of all epidermal
cells throughout the epidermis, but not in corneocytes in the
stratum corneum (Fig 6A1, small arrow). Sections hybridized
with the sense probe showed no staining (Fig 6A2). In situ
hybridization of the sweat gland was previously performed
using the 3SR ampli¢cation-based (Zehbe et al, 1994) method
(Sato and Sato, 2000). The 3SR method is sensitive but at the
expense of cytologic resolution because of possible cDNA
di¡usion during in situ ampli¢cation. As shown in Fig 6(B1), we
successfully localized CFTR mRNA in cryosections of the
human sweat gland. Consistent with our previous study (Sato
and Sato, 2000), CFTR and its mRNA are present in both the
duct and secretory coil cells with dark cells apparently
containing more CFTR and CFTR mRNA than clear cells.
The speci¢city of the method is supported by the lack of
staining in the negative control hybridized with sense probes
(Fig 6B2). It is also of interest to note that myoepithelium lacks
CFTR immunostaining (Fig 4B, large empty arrows) as well as its
mRNA (Fig 6B1, asterisk).
DISCUSSION
In this study, we demonstrated the presence of immunoreactive
CFTR protein and CFTR mRNA in the non-CF human epi-
dermis that is comparable with those of the eccrine sweat gland.
The summary of our observations is as follows: three MoAbs, one
MoAb directed to the R domain (MoAb-GR) and two MoAbs
directed to the C-terminus (MoAb-GC and MoAb-WC), stained
the epidermis and the eccrine sweat glands to comparable extents.
Nested RT-PCRof RNA extracted from fresh human epidermal
fragments and the sweat glands from the same subjects (when
normalized using 18 S RNA as a reference) ampli¢ed a 268 bp
segment whose sequence is identical to the corresponding seg-
ment of CFTR mRNA. The possibility of DNA contamination
is ruled out because the ampli¢ed RNA segment was derived
from the site involving both exons 13 and 14 (thus the intron
should have been included had the contaminated DNA, if any,
been ampli¢ed). Furthermore, the 526 bp antisense, but not
sense, RNA probe derived from exons 1013 (see Fig 1) stained
CFTR mRNA in both the epidermis and the sweat gland to a
similar extent. In the epidermis, cytoplasms of all live keratino-
cytes, i.e., basal cells, stratum spinosum cells, and granular layer
cells, were stained uniformly but not the corneocytes in the stra-
tum corneum (Fig 6A1, small arrow). In the sweat secretory coils,
both the clear and dark cells were stained but not the myoepithe-
lium (Fig 6B1, asterisk). CRTR mRNA appeared to be compar-
able to or slightly more in quantity in the dark cell than in clear
cells, consistent with our previous 3SR in situ ampli¢cation study
(Sato and Sato, 2000). In the duct, although both luminal and ba-
solateral ductal cells took up staining, the cytoplasm of luminal
ductal cells was devoid of CFTR mRNA (Fig 6B1, large empty
arrows). This di¡erential localization of CFTR mRNA in di¡er-
ent cell types and the absence of staining in the negative control
Figure 5. RT-PCR of CFTR mRNA in iso-
lated human epidermis, isolated human
sweat glands, and T-84 cells, the last two tis-
sues being used as controls. The amount of
starting RNA before the ¢rst PCRwas approxi-
mately normalized using 18 S RNA as a reference
in each test tube. Lad, molecular weight ladder
markers. Note that the epidermis showed clearly
visible PCR products in both the ¢rst stage (or
primary) and nested PCR as in T-84 cells. As in
the previous study (Sato and Sato, 2000), nested
PCR constantly yielded the 354 bp product
whereas the primary PCR caused variable results
(n¼ 4) depending on the number of isolated
glands available. The nested PCR products were
sequenced to con¢rm their identity with CFTR.
Figure 6. In situ localization of CFTR mRNA in cryosections of
human epidermis and the sweat gland. (A) The epidermis; (B) the
sweat gland. (A1), (B1) Hybridized with the antisense RNA probe; (A2),
(B2) hybridized with the sense probe (negative controls). In (A1), the small
arrow indicates the absence of mRNA in corneocytes in the stratum cor-
neum. Also note the presence of CFTR mRNA in the cytoplasm of epi-
dermal cells throughout the living layers of the epidermis (A1) and the lack
of staining in the control treated with the sense probe (A2). (B) Large empty
arrow, the absence of mRNA in the luminal cytoplasm of luminal duct
cells (B1); small arrows, darker staining of dark cells than in the neighboring
clear cells (B1); asterisk in (B1), the absence of staining in the myoepithelial
cells. The bars are 20 mm for all ¢gures.
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(sense RNA probe treated sections) further support the speci¢-
city of our in situ hybridization study. Taken together, this study
indicates the presence of CFTR and its mRNA in the human
epidermis that is quantitatively comparable with that of the ec-
crine sweat gland, one of the most active Cl^ secretory and reab-
sorptive epithelia.
The protein encoded by CFTR gene (Riordan et al, 1989;
Rommens et al, 1989) is a cAMP-dependent Cl^ channel protein
primarily involved in secretion and absorption of Cl^ ions in a
variety of transporting epithelia (Denning et al, 1991; Drumm
et al, 1991; Collins, 1992; Welsh and Smith, 1993) including the
sweat duct. In fact, cultured human eccrine sweat duct cells were
used for identi¢cation and sequencing of CFTR gene by linkage
analysis and chromosomal walking (Riordan et al, 1989; Rom-
mens et al, 1989). Although human epidermis serves many func-
tions, secretion or absorption of Cl^ ion may not be its principal
function.Why then is CFTR present in the epidermis as much as
in the sweat gland and what is its function? Similarly, why is
CFTR abundantly present in the dark cells that are less likely to
be involved in Cl^ transport for sweat secretion. In contrast, the
presence of CFTR and its mRNA in the sweat duct is readily
explained on the basis of CFTR-induced Cl^ transport for ductal
NaCl absorption and its known dysfunction in CF sweat ducts.
Thus far, no clues are available to explain the presence of CFTR
and its functions in the human epidermis. Although CFTR is a
cAMP-dependent Cl^ channel, there has been a gradual paradigm
shift in recent years on the role of CFTR from a simple Cl^
channel protein involved only in Cl^ transport to a ‘‘pivotal pro-
tein’’ that may also be involved in regulation of a variety of cellu-
lar and membrane functions (Kunzelmann, 1999; Kunzelmann
and Schreiber, 1999). These include regulation of Naþ channels,
Ca2þ -dependent Cl^ channels, outward rectifying Cl^ channels,
cell volume activated Cl^ channels, Kþ channels, cytosolic Ca2þ
concentration, bicarbonate secretion, exocytosis, mucin secretion,
intracellular pH, and water permeability (Kunzelmann, 1999;
Kunzelmann and Schreiber, 1999). Furthermore, CFTR is re-
ported to be involved in apoptosis (Kim et al, 1999), arachidonic
acid release (Miele et al, 1997), and adherence of Pseudomonas aeru-
ginosa (Davies et al, 1997; Pier et al, 1997) and Salmonella typhi to
epithelial membranes (Pier et al, 1998).
Nevertheless, no general concept is currently available as to
how CFTR can be involved in regulation of such a vast diversity
of membrane and cellular functions.
The epidermal cells are subjected to a variety of physiologic
and pathologic milieus that a¡ect the membrane function and
thus cell volume, necessitating constant regulation of cell volume
for cell survival and maintenance of optimal epidermal cell func-
tion.We have no knowledge as to the mechanism by which epi-
dermal cells and their cell membrane manage to maintain their
function and integrity during exposure to hypertonic or hypo-
tonic solutions (e.g., during bathing), chemicals, irritants, contact
sensitizers, dehydration.Whether or not CFTR is primarily in-
volved in regulation of membrane function/cell volume regula-
tion of keratinocytes in di¡erent environmental milieus is an
open question. It is also possible to speculate that the role of
CFTR may not be limited to regulation of membrane ionic
channels and cell volume keratinocytes.
The presence of CFTR in eccrine dark cells, mucous-like cells
(Sato et al, 1989), may not be an implausible notion. For example,
CFTR has been localized in cell membranes of airway glandular
mucous cells and in secretory granules of glandular serous cells in
human tracheal tissues (Engelhardt et al, 1992; Jacquot et al, 1993).
In gallbladder epithelium, Kuver et al (2000) observed intra-
cellular colocalization of mucins and CFTR. Kuver et al thus
suggested that CFTRCl^ channels are present in granular mem-
branes and may induce exocytosis of mucins by stimulating in-
£ux of Cl^ into the mucous granules. Along the same line,
CFTR is also implicated in stimulation of glycoconjugate synth-
esis in Caco-2 cells (Mailleau et al, 1998) and ATP-dependent
mucin secretion in pancreatic epithelial cells (Montserrat et al,
1996).
Although the functional signi¢cance of epidermal CFTR is
totally unknown, the identi¢cation of CFTR and its mRNA in
the human epidermis is the ¢rst step in further elucidating its far
reaching roles in maintenance of, or the lack of, optimal epider-
mal functions in health and disease.
This paper was supported in part by NIH grants DK 27857 and AR 25339.Thanks
are also due to Dr. M.Welsh and his associates for the gift of MoAb-WC and its
blocking peptide.
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